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Abstract. Over the past 15 years, 3 million hectares of forests have been converted into
shrublands or grasslands in the Mediterranean countries of the European Union. Fire and
drought are the main drivers underlying this deforestation. Here we present a conceptual frame-
work for the process of fire-induced deforestation based on the interactive effects of fire and
drought across three hierarchical scales: resistance in individuals, resilience in populations, and
transitions to a new state. At the individual plant level, we review the traits that confer structural
and physiological resistance, as well as allow for resprouting capacity: deforestation can be initi-
ated when established individuals succumb to fire. After individuals perish, the second step
toward deforestation requires a limited resilience from the population, that is, a reduced ability
of that species to regenerate after fire. If individuals die after fire and the population fails to
recover, then a transition to a new state will occur. We document trade-offs between drought sur-
vival and fire survival, as embolism resistance is negatively correlated with fire tolerance in coni-
fers and leaf shedding or drought deciduousness, a process that decreases water consumption at
the peak of the dry season, temporally increases crown flammability. Propagule availability and
establishment control resilience after mortality, but different hypotheses make contrasting pre-
dictions on the drivers of post-fire establishment. Mycorrhizae play an additional role in modu-
lating the response by favoring recovery through amelioration of the nutritional and water status
of resprouts and new germinants. So far, resprouter species such as oaks have provided a buffer
against deforestation in forests dominated by obligate seeder trees, when present in high enough
density in the understory. While diversifying stands with resprouters is often reported as advan-
tageous for building resilience, important knowledge gaps exist on how floristic composition
interacts with stand flammability and on the “resprouter exhaustion syndrome,” a condition
where pre-fire drought stress, or short fire return intervals, seriously restrict post-fire resprouting.
Additional attention should be paid to the onset of novel fire environments in previously fire-free
environments, such as high altitude forests, and management actions need to accommodate this
complexity to sustain Mediterranean forests under a changing climate.
Key words: climate change; community dynamics; drought; fire; land degradation; Mediterranean
forests; state and transition; stress physiology.
INTRODUCTION
Mediterranean ecosystems occupy a modest 2% of the
terrestrial biosphere, but host 15% of the global flora,
provide erosion control, water regulation, wood, and
many other vital goods and services (Rundel 2007, Sha-
kesby 2011, B€untgen et al. 2012, Bonet et al. 2014).
Moreover, Mediterranean and semiarid ecosystems play
an important role as climate regulators by mediating in
the biosphere–atmosphere exchanges of carbon and
energy (Rotenberg and Yakir 2010).
One of the major factors controlling the goods and
services provided by Mediterranean ecosystems is land-
scape physiognomy, with shrublands and grasslands
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showing higher erosion and albedo, as well as lower C
sequestration and latent heat exchange than forests,
among other important differences (Chapin et al. 2008).
Land surface “greenness” has, overall, increased in the
Mediterranean EU countries during the past few years:
2.3 Mha occupied by shrubland in 1990 had become for-
est by 2006, and 2.0 Mha of agricultural land had
become shrubland or forest within the same time frame
(San-Miguel-Ayanz et al. 2012). However, this greening
trend has been partly counteracted by the transforma-
tion of 3.2 Mha of forest into shrubland, with fire and
drought identified as the main causal factors for that
physiognomic shift (San-Miguel-Ayanz et al. 2012).
Here we review the literature on the processes underly-
ing fire-induced physiognomic changes, including defor-
estation, in the Mediterranean countries of the European
Union, focusing on the interactions between drought and
fire in particular. Our ultimate goal is to develop a bot-
tom-up conceptual model to gain understanding of when
forests fail to recover after fire, on how pre- vs. post-fire
drought modulates responses across landscapes, and to
highlight emerging knowledge gaps. This review is timely
because, under climate change, both severe fire weather
and drought are expected to become more frequent in the
Mediterranean basin (Roderick et al. 2014, Bedia et al.
2015). While Mediterranean environments are character-
ized by a summer drought (e.g., period of limited rainfall
and high evaporative demand), IPCC (Intergovenmental
Panel on Climate Change) predictions forecast an incre-
ase in the duration and intensity of the summer drought
(IPCC 2014), which could lead to extreme water scarcity,
eventually enhancing tree mortality. Drought-induced
mortality has been documented (McDowell et al. 2008,
Anderegg 2015, Mencuccini et al. 2015), but comprehen-
sive syntheses on how fire and an intensifying summer
drought interact to drive physiognomic changes are still
missing. We will not cover all aspects of secondary succes-
sion as extensive reviews on the topic are available else-
where (Bazzaz 1979, Schulze et al. 2005, Pulsford et al.
2016). Instead, here we concentrate on some recent
advances and research gaps that need addressing to suc-
cessfully predict transformational changes to non-forest
states under fire and drought.
The manuscript develops the mechanisms explaining
non-linear responses and ecosystem resistance and resili-
ence to forest fires through a hierarchical, bottom-up
approach. We begin with a general description of the spa-
tial drivers of fire activity (pyrogeography) in the Mediter-
ranean EU and of some expected changes under
projected future climate, followed by a more specific dis-
cussion of the fire regime in the Mediterranean. Next, we
summarize current literature on post-fire state transitions
to develop a conceptual, three-step model describing the
conditions under which post-fire deforestation occurs.
Then, in the following three sections, we expand this con-
ceptual model to explore, in more depth, the mechanisms
underlying resistance to fire in individuals, resilience in
populations, and state changes in communities. Here we
use the term resistance to indicate whether individuals
survive the fire and resilience to denote that individuals
perish but the stand recovers via regeneration. We con-
clude this review highlighting some of the additional
unresolved issues to predict post-fire deforestation.
MEDITERRANEAN PYROGEOGRAPHY UNDER
CLIMATE CHANGE
A general first-order approximation to global fire activ-
ity is provided by the “intermediate-fire productivity”
hypothesis (Pausas and Bradstock 2007, Keeley et al.
2012, Pausas and Ribeiro 2013), which assumes a trade-
off between productivity and aridity, and shows how rela-
tionships between fire and productivity, and between fire
and aridity, are hump-shaped (Fig. 1). Peaks in global
fire activity occur at intermediate levels of productivity
and aridity, while minimum fire activity is observed where
(1) productivity is low and aridity is high (deserts), as
there is not enough biomass (i.e., fuel) to carry a fire, or
(2) productivity is high and aridity is low (tropical rain-
forests), as potential fuels are seldom dry enough to burn.
This hypothesis is generally accepted (Holz et al.
2012, Boer et al. 2016) and allows for predictions on
how global change has affected, and will continue to
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FIG. 1. Relationship between global (gray) mean annual
burned area fraction (1996–2012) and the aridity index (the
ratio between mean annual potential evapotranspiration to pre-
cipitation). European points are highlighted in blue (grid cells,
0.25° 9 0.25°), and the line indicates the 0.99 quantile. If arid-
ity increases as a result of climate change, we can expect fire
activity to follow a non-linear trend across aridity gradients,
with increasing fire activity at the wetter end of the spectrum
and lower fire activity toward the drier end due to fuel limita-
tions. Mean annual burned from the GFED4 data set (Giglio
et al. 2013), PET from the CGIAR-CSI data set (Zomer et al.
2008), and P from WorldClim (Hijmans et al. 2005). We used
European (and not Mediterranean only) to increase data cover-
age at both sides of the hump.
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affect, the vulnerability of Mediterranean forests to fire.
Indeed, because fuel loads are generally large enough to
sustain fires, increasing aridity from climate change
could lead to more extreme fire weather in Mediter-
ranean forests (Moreno et al. 2013). Increases in fire
activity are unlikely to occur at the same rate across
landscapes, and we can expect them to be linked to pro-
ductivity gradients (McKenzie and Littell 2016) and
human activity (Knorr et al. 2016). Higher relative
increases in fire activity are expected to occur at the
most productive Mediterranean forests (where higher
continuous fuel loads are present and increased aridity
will increase fuel dryness), and smaller increases or even
reductions in fire activity have been predicted where
water limitations are strongest (where already low fuel
loads could be reduced even further, Fig. 1; Batllori
et al. 2013). That is, fuel limitations may limit fire activ-
ity toward the drier end of the Mediterranean basin.
Projected increases in aridity could, at least in part, be
counteracted by increases in CO2 concentrations, as
water use efficiency has often been reported to increase
throughout this century (Granda et al. 2014). Increasing
CO2 concentrations could potentially also affect leaf
flammability as leaves under elevated CO2 tend to be
thicker (higher leaf mass per area; Pe~nuelas and Mata-
mala 1990), which would, in turn, alter leaf-level
flammability by lowering ignitability and increasing fire
sustainability (Grootemaat et al. 2015). However, there
is a paucity of data on CO2 effects overall on leaf-to-
stand flammability and on the extent to which changes
in leaf thickness translate into changes in fire behavior
(Rothermel 1972, Madrigal et al. 2011, Fernandes and
Cruz 2012). Additionally, CO2 could potentially impact
stand-level flammability in Mediterranean environments
by enhancing productivity and fuel growth (Resco de
Dios et al. 2016), however, potential fertilization effects
in the region remain contentious (Camarero et al. 2015,
Fernandez-de-U~na et al. 2016).
Fire regime in the Mediterranean
Fire effects in Mediterranean ecosystems, like in other
biomes, may be better understood within the fire regime
framework (Keeley et al. 2012), which maintains that
the effects of fire as a driver of vegetation change depend
upon the type of fuels consumed, the recurrence and sea-
sonality of fires, as well as the intensity, severity, and
burned patch size (Gill 1973, Keeley et al. 2009). Forest
fires, from the point of view of the vegetation burned,
are often classified as ground fires, surface (or under-
story) fires, or crown fires, and there are different types
of crown fires (e.g., active vs. passive, dependent vs. inde-
pendent; Scott et al. 2014). These classifications are use-
ful for understanding, among others, fire behavior and
they will determine fire extinction operations. However,
from the point of vegetation dynamics, we argue that
interactions of fire type with intensity and severity are
particularly important. This is because survival,
particularly for seeder trees, largely depends upon the
degree of canopy scorch. Consequently, while active or
independent crown fires will lead to canopy consump-
tion, surface fires with a large accumulation of under-
story fuel or under strong wind could also lead to
canopy defoliation and bud scorch and exert a similar
impact on vegetation. As we will describe later in further
detail, Mediterranean environments often show either
low-intensity surface fires or high-intensity crown defoli-
ating fires and different plant strategies have evolved to
maintain species and populations under these different
fire environments.
Estimating fire frequency and recurrence in Mediter-
ranean Europe is complicated because most forests in
the area are relatively young (originated either after old-
field abandonment or reforestations) or have a long his-
tory of exploitation that hinders dendrological analyses.
In California, average fire rotation intervals have been
estimated to be 36 years, but high intra-regional varia-
tion exists (Keeley et al. 1999). Human actions have had
a large impact on fire frequency. For instance, fire fre-
quency in Valencia (western Mediterranean basin) has
been estimated to have doubled after the 1970s due to
land abandonment (Pausas and Fernandez-Mu~noz
2011). Fire frequencies are another important element
affecting deforestation, particularly for those species that
regenerate from seeds, because a certain fire-free interval
is necessary to achieve maturity and produce viable
seeds. Similarly, fire size has been dramatically altered
after decades of fire suppression. A remarkable conse-
quence of the effect of fire suppression is the so-called
fire paradox, whereby a large proportion of the total
burned area is consumed in a few large events. For
instance, in the case of Catalonia (northeastern Spain)
only 0.2% of all forest fires are large fires (>500 ha) but
they consume over 60% of the total area burned. Conse-
quently, the fire size distribution is extremely skewed,
with a large proportion of small fires, that may be easily
controlled, but a small proportion of large fires, that are
beyond extinction capacity, and that consume a dispro-
portionate portion of the land (Pi~nol et al. 2005).
Most forest fires in the Mediterranean occur in the
summer, during periods of water scarcity (Urbieta et al.
2015). It has been argued that a change in the fire regime
has occurred during the 20th century, where fire activity
was limited by fuel activity up to the 1970s, and that it
has been driven by drought ever since (Pausas and
Fernandez-Mu~noz 2011). However, if drought advances
under climate change, as predicted by IPCC scenarios
(IPCC 2014), fire regimes in Mediterranean ecosystems
may again become fuel limited due to limitations to plant
productivity under increasing water scarcity. The season-
ality of forest fires and, particularly, the levels of pre- and
post-fire water availability will differentially impact post-
vegetation recovery as a function of the traits present in
the community, as we will discuss later on.
Whereas we do not seek to provide a full review of fire
regimes, it is worth noting that there is an extensive body
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of the literature on the degree to which fuel vs. weather
control fire regimes in the Mediterranean. Broadly
speaking, forest fires from the point of view of fire
behavior may be classified as topography driven, wind
driven, or as convective fires (Duane et al. 2015). Topog-
raphy-driven fires are driven by the effects of local slopes
on the heating and cooling of local air and consequently,
air movement, over diurnal cycles. Wind-driven fires
have fast spread rates and often reach high intensities.
Convective forest fires result from large accumulations
of fuel interacting with specific atmospheric conditions
and lead to very high fire intensities that spread through
airstreams created through the convection created by the
fire. Fuel has been determined to be one of the major
determinants of convective fires, but landscape and cli-
matic factors have a more important effect over topo-
graphic and wind-driven fires (Duane et al. 2015). The
type of fire propagation has important effects on the fire
regime because, for instance, convective fires will burn
under high intensity but low frequency, whereas topo-
graphic fires will tend to burn under lower intensity and
higher frequency; although this is a simplification of
reality and topographic fires may also lead to high inten-
sities. Wind-driven fires will also lead to high-intensity
and fast-spreading fires.
ALTERNATIVE STATES IN POST-FIRE REGENERATION AND
PROCESSES CONDUCIVE TO DEFORESTATION
The general process of post-fire deforestation is sum-
marized in Fig. 2. In its simplest form, fire-induced defor-
estation could be conceptualized as a three-step process
operating at a hierarchy of scales, where the fire regime
interacts with individual-, population-, and community-
level traits. The first step depends on the resistance of
individual trees to fire, i.e., for deforestation to occur,
individual trees must succumb to fire, a process affected
by fire intensity (energy release) and severity (ecological
impact; Keeley 2009), and by the type of fuels consumed.
After individuals perish, the second step toward defor-
estation depends on the resilience of the population, that
is, the ability of that species to regenerate after fire, where
fire recurrence plays a major influence. If individuals die
after fire and the population fails to recover, then a spe-
cies replacement or state transition is likely, a process
dependent on burned patch size and fire seasonality
among others. If the transition is toward a non-forest
state, the third step toward deforestation is effectuated.
This conceptual model can further increase our under-
standing of the post-fire deforestation of Mediterranean
ecosystems that, so far, has been mostly limited to Pinus
(pine)-dominated communities (Martın-Alcon et al.
2015, Torres et al. 2016). Mediterranean pines lack the
capacity to resprout and their regeneration relies upon
post-fire seed germination. Deforestation in the region
could thus be considered as dependent on the concur-
rence of three conditions: (1) fatal damage to the trees
and to the seeds (e.g., no aerial or soil seed banks) after
the fire, (2) lack of adult conspecifics that may act as
seed sources within dispersal distances (usually <100 m
in pines; Rodrigo et al. 2007), and (3) absence of
resprouting trees in the understory. When only (1) and
(2) are met, but oaks (Quercus) are present in the under-
story, then a pine-to-oak transition is likely. However,
when conditions 1 and 2 concur, and no resprouting
trees are present in the understory, deforestation is the
final result of this process.
Additionally, although the bulk of post-fire deforesta-
tion so far has occurred in pine forests, we cannot ignore
deforestation in resprouting forests also under a warmer
and drier future. This is because, for instance, oak decline
is already occurring over a large proportion of the
Mediterranean (Peguero-Pina et al. 2015, Barbeta and
Pe~nuelas 2016, Gomez-Aparicio et al. 2017) and
resprouting tree species are being displaced by seeder and
resprouting shrub species under drought (Pe~nuelas et al.
2017). Consequently, fire may further promote forest-to-
shrub state transitions in oak or resprouter forests.
Such vegetation changes have been classically framed
as advancing (pine-to-oak) or reversing (pine-to-shrub-
land) successional dynamics (Hanes 1971, Trabaud 1984).
This approach presents succession as a linear process
where vegetation advances, in the absence of disturbance,
toward an end point (climax) and, when disturbances
occur, vegetation returns to a previous state along that
linear pathway. However, we prefer to describe them
within a state-transition framework, because successional
trajectories are often difficult to predict and non-linear.
According to the traditional model of successional
dynamics, based on a phytosociological perspective,
FIG. 2. Concepual framework for the mechanisms of fire-
induced deforestation operating across three hierarchical scales:
resistance in individuals, resilience in populations, and transi-
tion to a new community. The first requirement for fire-induced
deforestation is the mortality of individuals. After individuals
perish, the second step toward deforestation requires a limited
resilience from the population, that is, an inability of that spe-
cies to regenerate after fire. If individuals die after fire and the
population fails to recover, then a species replacement or transi-
tion to a new state must occur. In this third step, the community
could switch toward a more advanced successional stage or
toward deforestation, depending on different factors.
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Quercus would often be the predominant natural poten-
tial vegetation for much of the Mediterranean basin
(Rivas-Martınez et al. 2005). However, palynological evi-
dence has in many occasions documented lack of support
for predictions from phytosociological hypotheses on
what the late successional vegetation for a given area
would be (Carrion and Fernandez 2009). Additionally,
field studies report non-linear trajectories, meaning that
interactions with local idiosyncrasies may lead to differ-
ent post-fire communities at a given site. For instance,
Baeza et al. (2007) documented how, for different fire
recurrences, different shrub communities could arise after
fire at Pinus halepensis (Aleppo pine) stands as a function
of local processes such as soils.
Given all these non-linear responses, involving a high
degree of complexity (Fig. 3, Table 1), predicting large-
scale tree mortality and resprouting capacity after fire,
especially under a climate with increasing aridity, remains
an important challenge (Midgley et al. 2010, Clarke et al.
2013). Below we will discuss the main knowns and
unknowns associated with each of the three steps.
FIRE RESISTANCE AT INDIVIDUALTREE LEVEL
Crown defoliating fires are a common fire type in
Mediterranean type ecosystems (Keeley et al. 2012).
Post-fire survival is therefore very low among non-
resprouter trees, where crown combustion or substantially
high crown scorch are the most common cause of mortal-
ity, especially among the less fire-tolerant species (Sieg
et al. 2006). However, there are traits that can enhance
the survival of individuals under certain conditions, and
some of these traits are thought to be fire adaptations
(Keeley et al. 2012). Here we will classify these traits as
(1) structural traits, which reduce fire intensity and sever-
ity; (2) physiological traits, which explain how trees suc-
cumb to fire; and (3) resprouting traits, which enable
post-fire regeneration by resprouting. The distinction
between these different classes is not clear-cut, but reflects
different approaches to study fire effects. Understanding
these traits will be important not only for understanding
fire-induced mortality and to inform management on fuel
reduction treatments, but also to understand potential for
evolutionary trade-offs. Because fires and summer
droughts often co-occur in Mediterranean ecosystems
(although large fires could occur at any other times of
year, provided that dead fine fuels are sufficiently dry and
winds are sufficiently strong), and because pre-fire water
scarcity could act as a priming for post-fire mortality
(van Mantgem et al. 2013), it is particularly important to
understand potential relationships between traits that
confer fire resistance and its interaction with drought
resistance (Fig. 3a, Table 1).
Structural traits
Fuel moisture.—Different structural traits assist in reduc-
ing tree flammability, or the likelihood that a tree burns.
One of them is fuel moisture, as fires only occur when the
fuel is dry enough to burn (Dennison et al. 2008, Nolan
et al. 2016). The most limiting step for fire propagation is
the moisture content of dead fine fuel, but this is beyond
the control of the plant and will not be covered further
here. The impact of live fuel moisture on the rate of fire
spread is often thought to be marginal compared with
other influences (Alexander and Cruz 2013, Anderson
et al. 2015). However, studies on thresholds for fire occur-
rence report important increases in burned area as live
fuel moisture content (LFMC) in fine live fuels (<3 mm
thick, mainly leaves and twigs) drops below 100% in
southeastern Australian forests (Nolan et al. 2016) and
below 70% in Mediterranean shrublands (Dennison et al.
2008, Jurdao et al. 2013). While Mediterranean shrubs
may be able to withstand much lower relative water con-
tents than trees due to their capacity for osmotic and/or
elastic adjustments (Pellizzaro et al. 2007, Ramırez et al.
2012), the reason why these thresholds vary across func-
tional types remains elusive. Deciduous trees usually have
higher LFMC than evergreen trees since the foliage of the
former contain only young leaves produced in the same
year. Another difference between LFMC in shrubs and
evergreen Mediterranean trees is that while the former
often exhibit seasonal patterns in LFMC, evergreen trees
in Mediterranean environments are characterized by
quite stable foliar moisture contents throughout the year
(Viegas et al. 2001, Soler Martin et al. 2017). At any rate,
the dynamics of fuel moisture consequently determine fire
seasonality, establishing one of the primary links between
drought and the fire regime.
Mechanistic modeling of LFMC has so far been
remarkably difficult. The physiological literature is rich in
modeling leaf water potentials (Sperry et al. 1998, Tuzet
et al. 2003, Duursma and Medlyn 2012), but the transla-
tion of water potential to LFMC is not straightforward
because (1) the physiological literature uses relative water
content (RWC, expressed on the basis of saturated minus
dry mass) while the fire literature uses LFMC (expressed
on a dry mass content basis); (2) the relationship between
water potential and RWC is not constant through time
and depends upon osmotic and elastic adjustments, which
are more difficult to model; and (3) while there might be
small differences in water potential between branches and
leaves, differences in LFMC might be more marked,
which additionally complicates the translation of one
measurement into the other across organs.
Another feature that potentially increases crown
flammability temporally and, thereby, the probability of
crown fire, is leaf senescence during drought, which leads
to high accumulations of dry leaves in the canopy. For
instance, leaf life span in Pinus halepensis is approxi-
mately three years (Mediavilla et al. 2008), and three-
year-old needles typically become dry and senesce at the
peak of the fire season (July), potentially leading to one-
third of the canopy being composed of dry matter, which
enhances crown flammability substantially (Fig. 4).
However, this effect is only transient and lasts for a few
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weeks, until leaf dropping. After the old leaves are shed,
the probability of active crowning could decline (if
the drop in canopy bulk density is high enough) and
surface fires may become more likely and, potentially,
more intense due to higher fuel load (note that the
flammability of the surface fuel bed will also be affected
by leaf traits that influence the packing and aeration of
the fuel bed [Ganteaume et al. 2014, Cornwell et al.
2015], but a full review of leaf traits and surface fuel is
beyond the scope of this article). Such leaf senescence
(that later leads to shedding in evergreens or drought
deciduousness in deciduous species) may be adaptive for
FIG. 3. Post-fire vegetation dynamics are highly complex. A multitude of processes interact at different scales to affect individ-
ual resistance, population resilience, and state transitions. (a) State transitions initiate after a fire kills pre-existing individuals, and a
series of factors affect individual resistance to fire. (b) After individuals perish, stand-level resilience (where pre-fire species are able
to regenerate), depends on fire history and recurrence, propagule availability, and establishment. (c) If pre-fire individuals perish
and populations cannot recover, a state shift is effectuated. The state will transition to a different forest state or to a deforested state
depending on legacies from pre-fire understory composition, soil resources, and climatic pressures. Solid and dotted lines indicate
processes that are well-documented or that have been hypothesized but remain in discussion, respectively. Further discussions, and
knowns and unknowns associated within each step are in Fire Resistance at Individual Tree Level; Resilience to Fire at Population
Level and State Transitions after Fire and Changes in Community Dominance and in Table 1.
146 ASAF KARAVANI ET AL. Ecological Monographs
Vol. 88, No. 2
R
E
V
IE
W
S
TABLE 1. Processes affecting state transitions and community change after fire in a forest stand. Interactions in Fig. 3.
Process Knowns Unknowns
Individual resistance
Live fuel moisture Remains stable and generally available in
evergreen trees but shows seasonal
fluctuations in shrubs, affecting fuel
availability and, consequently, potential fire
behavior
Modeling remains elusive as well as links with the
closely related field of plant water relations. The
phenology of leaf senescence could lead to trade-
offs between drought and fire resistance
Crown Base height/
Canopy bulk density
Determines probability and spread of a crown
fire. It could be a niche construction
mechanism.
Measuring CBD is notoriously difficult and data
available only covers a few species. Heuristic
predictions are used elsewhere, which limits fire
behavior simulations.
Plant traits Changes in surface leaf area or chemical leaf
composition could alter leaf flammability.
Whether and how leaf-level flammability scales to
canopy level remains contentious.
Bark Increasing thickness, density, smoothness,
water content, and decreasing fissures
enhance cambial protection and subsequent
survival in surface fires.
Understanding how fire protection interacts with
additional bark functions, such as water and
photosynthate storage, as drivers of bark ecology
and evolution.
Roots Direct effects of fire on roots are rare, given
the thermal buffering capabilities of soils.
Main unknowns relate to its role as a storage organ
for resprouting.
Physiological
processes: scorch,
girdling, and
cavitation
Foliage and bud scorch are the main factor
driving post-fire mortality in crown fires.
Cambium necrosis plays a secondary role.
Whether catastrophic xylem failure is involved in
post-fire death, particularly in low-intensity fires or
in the individuals dying in the weeks to months
after the fire is under discussion. Trade-offs between
embolism and fire resistances could occur.
Resprouting Driven by the interaction between the
availabilities of water, nutrients and reserves.
There are indications of reduced resprouting
vigor after successive fire events.
Understanding whether water stress antecedent to
the fire will eventually lead to a resprout exhaustion
syndrome, and what is the most limiting
mechanism: cavitation fatigue vs. reserve exhaustion
Population resilience
Propagule availability Post-fire regeneration in seeder species relies
on seed banks relies or on seed from
adjacent unburned stands. Critical distances
for pine species have been reported to be
<100 m. The size of the burned patch is thus
critical in species with no seed banks.
Factors driving seed production and dispersal remain
difficult to incorporate within mechanistic modeling
frameworks.
Propagule
establishment
Interactions between soil resources, dormancy
break, herbivores and pests, and microsite
conditions driver establishment.
Competing hypotheses on pre-vs. post-fire conditions
make different predictions on the drivers of
establishment. Neutral processes remain
understudied in the area.
Fire recurrence A single crown fire may induce deforestation
in forests dominated by seeder trees that lack
seed banks. Species with seed banks will need
at least 8–10 yr to become mature and set
seed and increasing fire recurrences may
subsequently induce deforestation.
Lack of resprouting under high fire recurrence has
not yet been broadly documented, but its potential
for occurrence is high given documented declines in
resprouting vigor.
Mycorrhizal networks Prompt vegetation establishment after fire is
additionally required to preserve
ectomycorrhizal networks, as most tree
species in Mediterranean environments are
obligate ectomycorrhizal.
An overall lack of data prevents an effective
synthesis, but there are hints that low-intensity fires,
such as prescribed burning, could be as negative as
in large fires.
State shifts
Legacies form pre-fire
composition
The presence or absence of resprouting trees
in the understory will be the most important
requirement for determining whether post-
fire state change will be to a forest state
(dominated by resprouters) or to a
deforested state.
The resprout exhaustion syndrome may reinforce
deforestation even in stands previously dominated
by resprouters.
Climatic conditions
and water balance
Long-term precipitation patterns influence
the site productivity and, consequently the
general capability for the species to resprout
or to produce and establish propagules.
Short-term patterns of precipitation in the
next wet season after a fire will affect seed
establishment.
Whether resprouters will be able to thrive under
future climatic conditions, of increased stress and
beyond climatic niches in some cases, deserves
further attention. Even if they can survive, a
reduced ability to resprout due to the resprouting
exhaustion syndrome might lead to an alternative
deforested state that is stable within ecological time
frames, although the stability and feasibility of this
state is not totally known.
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saving water in periods of protracted water scarcity, but
it has the side effect of temporally enhancing stand
flammability. Many studies report how some adapta-
tions to fire help to cope with drought and that, con-
versely, some adaptations to water scarcity aid in
surviving fires (Keeley et al. 2011). In fact, disentangling
drought adaptions and fire adaptations has sometimes
been contentious (Bradshaw et al. 2011, Keeley et al.
2011). We are not aware of studies raising the possibility
of evolutionary trade-offs that could be beneficial under
drought but detrimental under fire. However, leaf senes-
cence during dry periods could be one such effect, as it
temporally increases crown flammability.
Tree morphology.—Tree morphology is also linked with
the fire regime as it influences the likelihood of experienc-
ing a crown fire and it additionally affects the degree of
thermal insulation for buds and leaves within the canopy.
Height of the crown base and canopy bulk density (CBD)
are essential traits underlying the probability of a crown
fire (Agee 1998, Climent et al. 2004, Fernandes et al.
2008). The height of the crown base affects the likelihood
that the flames within a surface fire will reach the crown
and, consequently, affects the likelihood for a surface fire
to become a canopy fire. That is, a self-pruning tall tree
increases its likelihood to survive a fire by maximizing the
distance between the flames and the foliage and growing
meristems (Peterson 1985, Schwilk 2003, Balfour and
Midgley 2006, Fernandes and Rigolot 2007, Clarke et al.
2013), and this capacity to self regulate the “fuel ladder”
is considered to be a niche construction mechanism (that
is, a modification of the environment with evolutionary
consequences; Schwilk 2003). This effect is likely to play a
smaller role with shorter trees, as they can be totally
scorched by radiation during surface fires and die (as a
rule of thumb, the height of crown scorch is considered
equal to six times the flame length (van Wagner 1973). In
addition to species attributes, site characteristics, includ-
ing fertility and stand age, additionally contribute to vari-
ability in crown base height.
CBD influences fire spread across crowns (van Wag-
ner 1977a, 1993, Alexander 1988). More specifically,
TABLE 1. (Continued)
Process Knowns Unknowns
Flammability
feedbacks
Different species show different traits, such as
standing dead biomass, and those may
impact stand-level flammability.
Whether species-level flammability attributes scale
up to affect fire behavior across landscapes remains
contentious.
Soil resources Soil nutrients affect seed production and
resprouting vigor. Fires increase erosion and,
while temporally increasing nutrient
availability (by increasing mineralization),
they generally decrease total nutrient
concentrations. This effect may be
exacerbated under high fire recurrence.
Moreover, soil nutritional status diminishes
under post-fire shrub communities, relative to
pre-fire forest communities, further hindering
establishment of less frugal tree species.
Extreme soil depletion could lead to an alternative
deforested state that is stable within ecological
timeframes, but a lack of literature prevents
assessments on the stability of the transition.
FIG. 4. Trade-offs between drought and fire survival. As
summer drought advances, leaf shedding (in evergreens) or
drought deciduousness occurs. This enhances drought survival
by reducing water consumption by the canopy, but temporally
increases crown flammability. In the photograph, 3-yr-old nee-
dles of Pinus halepensis senesce during late June and mid July
(the part of the year with higher burned area in the region
[MAGRAMA 2012]), until leaf drop a few weeks after.
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CBD is affected by the length, porosity, and density of
the canopy (Van Wagner 1977b, Alexander 1988, Micha-
letz and Johnson 2007), which jointly define heat dissi-
pation efficiency and potential for fire propagation (Van
Wagner 1977b, Alexander 1988, Michaletz and Johnson
2007). CBD is particularly problematic to measure, as it
requires a very detailed harvesting, and data is only
available for a handful of species. Currently, heuristic
allometric equations are being used to determine CBD,
but their validity has not been widely assessed across
broad ranges of species (Keane et al. 2005, Keane 2015).
Apart from diminishing the probability of a crown fire,
trees also show traits that reduce heat damage to the
crown, with marked differences across tree species. Such
crown protection arises from differences in the surface to
volume ratio of leaves, and in the capacity for thermal
insulation of buds, rather than differences in heat toler-
ance of meristems per se (Anderson 1970, Fernandes and
Rego 1998). A high surface to volume ratio allows for
high heat energy exchange between the leaf and the sur-
rounding air, facilitating their ignition. Additionally, for a
given level of tree scorch, different species show different
survival rates, as we will discuss in detail later on.
An unresolved issue is to what extent plant traits affect
overall flammability. Leaf flammability traits have been
reported to be a poor indicator of overall plant flamma-
bility in different shrubs and rankings of flammability
may be reversed from the leaf to the plant scale (Madrigal
et al. 2011, Fernandes and Cruz 2012). This is because
the load and three-dimensional distribution of the fuel
particles is more important than the particles per se.
However, recent fire behavior models obtained significant
increases in goodness of fit when leaf traits were included
in addition to fuel loads and structures (Zylstra et al.
2016). In fact, Zylstra et al. argued that floristic composi-
tion is a more important driver of fire intensity and sever-
ity than fuel load and structure. However, an important
debate still remains on how flammability scales up from
leaves to individual plants and the stand.
Bark.—Bark is a tree protection mechanism that is con-
sidered to have evolved under regimes characterized by
low-intensity surface fires and, more specifically, for fires
that do not cause death-inducing crown scorch. This
would explain why crown-fire conifers such as
P. halepensis, show modest bark thickness (relative to
other European pine species [Fernandes et al. 2008]) but
invest significant resources into serotinous cones (San-
tos-del-Blanco et al. 2014). Deeper bark can enhance
protection and ensure that sprouters do not suffer top-
kill after crown fires. Bark serves to insulate the cam-
bium, vascular system and meristems from lethal tem-
peratures (Pausas 2015a). However, it is still being
discussed whether bark traits influencing fire resistance,
such as total thickness, proportion of inner bark or den-
sity and porosity, have actually evolved in response to
fire, to increase water and carbohydrate storage, or in
response to other environmental drivers (Rosell 2016).
Bark thickness is currently regarded as the most impor-
tant property influencing its capacity for thermal insula-
tion, but relative proportion of inner vs. outer bark,
density, water content, structure and texture also play
important roles (Vines 1968, Pinard and Huffman 1997,
vanMantgem and Schwartz 2003, VanderWeide and Hart-
nett 2011, Brando et al. 2012, Wesolowski et al. 2014).
Bark thickness shows a strong positive linear correla-
tion with stem diameter, and the latter may be used as a
predictor of the susceptibility to fire-induced stem dam-
age and mortality (Ryan and Reinhardt 1988, Hengst
and Dawson 1994, Dickinson and Johnson 2001, van
Mantgem and Schwartz 2003). In fact, fire-induced mor-
tality is inversely correlated with increased diameter and
bark thickness (Kolstrom and Kellomaki 1993, Pinard
and Huffman 1997, Linder et al. 1998, Wirth et al.
1999, Ordo~nez et al. 2005, Sidoroff et al. 2007, Fernan-
des et al. 2008). Across species, the time it takes to heat
the cambium to lethal temperatures is exponentially cor-
related with tree diameter and bark thickness, and ther-
mal resistance is roughly proportional to the square of
bark thickness (Hare 1965, Dickinson 2002, Brando
et al. 2012, Wesolowski et al. 2014).
The inner bark often shows significantly higher density
and moisture content than the corky outer bark and, con-
sequently, leads to in non-uniform thermal diffusivity
across the bark (van Mantgem and Schwartz 2003, Rosell
2016). That is, the inner bark provides a disproportion-
ately larger protection (by cross section area) than the
outer bark. van Mantgem and Schwartz (2003) found
that the proportion of inner bark to total bark thickness
tends to decrease with increasing stem size and, therefore
it is relatively higher in small trees. Consequently, young
trees might show greater resistance to fire induced stem
mortality than expected solely by their diameter.
Secondary contributors such as structural properties
(e.g., fissures, surface roughness), moisture content and
bark density are currently being discussed. Fibrous outer
bark is more flammable and often associated with higher
outer bark temperatures during fire (Hengst and Daw-
son 1994, Pinard and Huffman 1997) as well as greater
cambium heating (Lawes et al. 2011, Wesolowski et al.
2014). Smooth barks are sometimes considered more
effective insulators than rough barks due to their homo-
geneity (Hengst and Dawson 1994, Wesolowski et al.
2014), but air in fissures of heterogeneous barks could
also be beneficial for heat dissipation (Dickinson and
Johnson 2001, Barlow et al. 2003).
Water content in the bark can have both positive and
negative effects on survival rate (Vines 1968, Dickinson
and Johnson 2001, Bova and Dickinson 2005, Brando
et al. 2012, Wesolowski et al. 2014). Water reduces stem
heating through latent heat of vaporization (Brando
et al. 2012), but water also has a high heat capacity,
which could lead to prolonged exposure to high temper-
atures, potentially contributing to damaging the cam-
bium (Lawes et al. 2011, VanderWeide and Hartnett
2011). High bark density additionally increases heat
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resistance by reducing the thermal diffusivity of the bark
(Lawes et al. 2011, Brando et al. 2012).
Roots.—Although soil surface temperatures can reach
1,000°C or more during a high-intensity fire, heat release
is usually limited to the uppermost 5–15 cm, because
most soils have very poor thermal conductivity
(Choczynska and Johnson 2009), particularly in the dry
summer months. Temperature distribution in the soil
surface is very patchy, resulting in fires burning severely
and resulting in areas nearly sterile while others remain
practically unburned. Forest fires in Mediterranean
ecosystems, that are typically not affected by ground
fires, affect the soil ecosystem only locally where a high
fuel accumulation (e.g., a recently fallen tree) causes very
high temperatures in the top 30–40 cm of the soil profile
(Hartford and Frandsen 1992). The rest of the soil will
stay relatively unaffected and capable of supporting
seedlings or sprouts that start growing right after the fire
(Martınez de Aragon et al. 2012).
The role of fire in damaging roots has received only
limited attention (Michaletz and Johnson 2008), and it is
currently thought that root damage is limited to cases of
extended soil heating, which typically occurs during
ground fires (Hartford and Frandsen 1992, Dickinson
and Johnson 2001, Stephens and Finney 2002, Varner
et al. 2007, Choczynska and Johnson 2009), a fire type
that is rare in Mediterranean environments. Roots act as
major organs of storage and their main role in modulat-
ing the survival after a fire may thus come from provid-
ing the resources required for resprouting, in those
species showing this capacity (Clarke et al. 2013).
Physiological processes
The key purpose of structural adaptations is the pro-
tection of essential physiological functions that deter-
mine tree survival. The cambium, phloem, and xylem
are the tissues responsible for the secondary growth,
downward transport of photosynthates, and upward
transport of water and nutrients, respectively. Heat con-
ducted through the bark can damage these tissues once
the depth of necrosis exceeds bark thickness (Bova and
Dickinson 2005). Understanding how heat damages
plant tissues is crucial for understanding fire induced
tree mortality (Dickinson and Johnson 2001), and sev-
eral different mechanisms are thought to be related to
subsequent tree mortality (Michaletz et al. 2012, Weso-
lowski et al. 2014).
The most important processes explaining fire-induced
tree death, at least in non-sprouting trees that develop a
bark thicker than about 2 cm, are crown scorch and con-
sumption (van Wagner 1973, Sieg et al. 2006). However,
substantial mortality could occur in the months after the
fire and cambium and phloem necrosis, due to charring
(Dickinson and Johnson 2001). Necrosis is the result of
protein denaturation caused by heat stress (Rosenberg
et al. 1971) and, in the vascular cambium and phloem,
occurs almost instantaneously when cells are heated to
60°C or higher, as well as during prolonged exposures to
temperatures over 50°C (Hare 1965, Gill and Ashton 1968,
Hartford and Frandsen 1992, Gutsell and Johnson 1996,
Dickinson and Johnson 2004, Jones et al. 2006, Michaletz
and Johnson 2007). During cambium and phloem necrosis,
the stem becomes girdled and, when extensive, it can pre-
vent photosynthate transport, which then leads to a deple-
tion of carbohydrate reserves thus causing eventual plant
death (Kramer and Kozlowski 1960, Dickinson and John-
son 2001, Michaletz and Johnson 2007).
Trees store substantial amounts of reserves in the form
of non-structural carbohydrates. Therefore, stem girdled
trees can survive for a long period of time, up to years or
decades (Kramer and Kozlowski 1960, Michaletz and
Johnson 2008, Midgley et al. 2011, Michaletz et al.
2012). However, post-fire tree mortality has been docu-
mented to occur within weeks or months (Ducrey et al.
1996, Michaletz et al. 2012), which suggests that other
mechanisms might be involved.
While much less explored, the possibility of heat-
plume-induced losses in hydraulic conductivity has long
been recognized (Rundel 1973, Ducrey et al. 1996, Bal-
four and Midgley 2006). However, only recent studies
formally demonstrated that fires could induce catas-
trophic xylem failure (Kavanagh et al. 2010, Michaletz
et al. 2012, West et al. 2016). This occurs via air seeding
cavitation after the extreme vapor pressure deficits cre-
ated by the heat plume, but also via deformation of cell
walls in water conducting vessels or tracheids after heat-
ing cells to temperatures over 60°C.
Consequently, forest fires lead to substantial reduc-
tions in sapwood area and sap flux density (Ducrey et al.
1996, Schoonenberg et al. 2003, Balfour and Midgley
2006, Kavanagh et al. 2010). Such reduced conductivity
subsequently leads to desiccation of other tree parts such
as the crown (Tyree and Zimmerman 2002), with the
critical thresholds being 50% of hydraulic conductivity
losses for conifers (Brodribb and Cochard 2009) and 80–
88% for hardwoods (Resco et al. 2009, Urli et al. 2014).
Once these critical thresholds are reached, the tree is
unable to recover its conductive tissue and new growth
or resprouting will be necessary for survival.
It is important to remember that fire is not a binary
variable (e.g., burned/unburned), and that its effects on
tree mortality will depend upon the intensity and the
severity of the burn. Low to intermediate fire intensities,
either in planned or unplanned fires, could also have posi-
tive effects for tree growth and hydraulic status. This is
because low/intermediate-intensity fires, more common in
mountainous regions of the Mediterranean basin (Tou-
chan et al. 2012, Slimani et al. 2014), will not lead to
crown scorch or hydraulic or cambium damage in mature
trees with thick bark but may reduce competition by kill-
ing smaller individuals or understory vegetation. In these
circumstances, fire may act as a thinning operation that
reduces competition and, subsequently, temporarily
improves the stand’s water status (Alfaro-Sanchez et al.
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2016, Resco de Dios 2016). Perhaps the main challenge
for predictions of fire damage therefore does not lie in
modeling tree parameters as such, but in understanding
microsite variations in fire intensity. In fact, post-fire tree
mortality models often consider the degree of crown
scorch, a variable related with surface fire intensity.
Current stand-level models of mortality show a rea-
sonable degree of accuracy and are mostly based upon
the degree of either crown (e.g., buds) scorch and con-
sumption or cambium mortality and ignore any poten-
tial hydraulic limitations (Sieg et al. 2006, Gonzalez
et al. 2007). The relative contribution of hydraulic fail-
ure to mortality is not well quantified and, because
crown and cambium mortality will likely be correlated
with hydraulic damage, any potential contribution of
hydraulics may remain hidden. It is important to decou-
ple the functional role of hydraulics from that of crown
and cambium damage, especially when modeling vegeta-
tion response to novel environmental conditions (e.g., in
Dynamic Global Vegetation Models).
Moreover, considering recent reports of increased
post-fire mortality after protracted droughts (van Mant-
gem et al. 2013), and the seemingly overwhelming effect
of drought on plant hydraulics (Rowland et al. 2015), a
deeper exploration of the links between hydraulics,
drought stress and fire survival is needed. To illustrate
this link we crossed published records of vulnerability to
drought-induced cavitation in conifers (Choat et al.
2012) with records on fire tolerance from the USDA
Plants database and with records on resistance to crown
kill by fire in European pines (Fernandes et al. 2008)
and, surprisingly, obtained a negative correlation
(Fig. 5), suggesting that trees that are more resistant to
crown kill are less resistant to embolism (database avail-
able online).8 This response could be explained by long-
term standing ecological theories, such as the C-S-R
(competitors-stress tolerators-ruderals) triangle theory,
which predicts trade-offs between stress and disturbance
tolerance (Grime 1977). According to this theory, plants
are able to cope with either high levels of stress or of dis-
turbance, but they are not able to cope high levels of
both stress and disturbance. Understanding the trade-
offs between drought and fire resistances, and a deeper
understanding of the links between plant hydraulics and
survival after fire are priorities for future research.
Resistance to fire induced mortality through resprouting
Resprouting is often regarded as an ancestral condi-
tion in angiosperms and lack of resprouting a posterior
specialized development (Wells 1969, Bond and Midgley
2003). Consequently, resprouting is a major mechanism
contributing to the resistance of Mediterranean forests
to fires. In fact, from the point of view of vegetation
dynamics, resprouting and, in particular, crown
resprouting, are perhaps the most efficient mechanism
of resistance in environments characterized by high fre-
quency and high-intensity crown fires. However, it is
unknown for how long this mechanism can continue to
operate under future environmental conditions. There
are reports from the southern Alps of decreases in
resprouting vigor or even a lack of resprouting in beech
(Fagus sylvatica) trees that were growing on sunny,
south-facing slopes (Ascoli et al. 2013); although the
underlying mechanism has so far not been resolved, it is
likely that the degree of stress experienced prior to the
fire played an important role (van Mantgem et al. 2013),
as will be discussed in more detail below. Considering
widespread increases in tree defoliation after decreased
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FIG. 5. (A) Embolism resistance and fire tolerance are
inversely correlated in conifers. We obtained fire tolerance data
from the USDA plants database (plants.usda.gov; 1, none;
2, low; 3, medium; 4, high) and additionally digitized data
from resistance in European pines to (B) crown kill from Fer-
nandes et al. (2008), and combined it with data from Choat
et al. (2012) on embolism resistance. The USDA database pro-
vides a value on “the relative ability to resprout, regrow, or
reestablish from residual seed after a fire,” and there are four
possible levels (none, low, medium, high). Resistance to crown
kill reflects bud tolerance to heating (inferred from bud width),
bud shielding from heat provided by needles, and time-tempera-
ture thresholds for needle and bud necrosis (Fernandes et al.
2008). Ψ50 is an indicator of embolism resistance as it indicates
the pressure potential where 50% of the hydraulic conductivity
is lost, with more negative values indicating higher embolism
resistance. The lines in panel A indicate the result of fitting
quantile regression (0.25, 0.75, and 0.90 quantiles, respectively,
from bottom to top), and in panel B of simple regression. All
lines are significant at P < 0.08.
8 www.plants.usda.gov
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water availability (Carnicer et al. 2011), and widespread
occurrence of processes decreasing the health of resprou-
ters, such as the oak decline (Brasier 1996, Gil-Pelegrın
et al. 2008), it is possible that many resprouter species
are approaching the limit of their resprouting capacity, a
process we will refer to as the “resprout exhaustion syn-
drome.” This hypothesis is further backed up by reports
of increasing losses of resilience in resprouter-dominated
ecosystems as stress increases over time (Dıaz-Delgado
et al. 2002). Several exhaustive reviews are available on
the drivers of resprouting after different disturbances
(Clarke et al. 2013, Pausas et al. 2015, Zeppel et al.
2015), but the question of what stress conditions weaken
resprouters to the point that they lose their sprouting
capacity deserves further attention.
Simplifying, resprouting ability depends upon a suc-
cessful protection of viable bud bank or bud forming
meristematic tissues (i.e., vascular cambium), the storage
of nonstructural carbohydrates to support the regrowth
until the photosynthetic capacity is recovered (Chapin
et al. 1990), and the availability of water and nutrients
(Peguero and Espelta 2011). Bud limitations have been
reported in experimental studies after exposing plants to
multiple rounds of burning within a short time frame
(Paula and Ojeda 2009), with buds being either con-
sumed by fire or used to resprout, ultimately leading to a
lack of resprouting buds in basal resprouters. Whether
similar bud limitation could occur in the field is more
dubious, as buds will often have time to regenerate dur-
ing growth in the interval between fires.
Lack of carbohydrates has traditionally been regarded
as the main limitation to resprouting (Pate et al. 1990,
Bowen and Pate 1993). As drought stress increases and
photosynthesis declines, trees rely upon stored reserves
for survival. Protracted drought could thus decrease car-
bohydrate reserves, potentially limiting resprouting
capacity, but the availability of non-structural carbohy-
drates only seldom declines beyond critical thresholds
even during extreme droughts (Korner 2003, Duan et al.
2014). However, if trees need to rely on stored carbohy-
drates for resprouting, subsequent fire events, triggering
resprouting at high frequency, could eventually lead to
carbohydrate depletion (Bowen and Pate 1993). In con-
trast, other studies reported that the concentrations of
non-structural carbohydrates are not related to resprout-
ing vigor (Richards and Caldwell 1985, Erdmann et al.
1993, Cruz et al. 2003), and the role of storage organs
concerning remobilization of other nutrients (e.g., N and
P) is also not clear (Clarke et al. 2013).
An alternative hypothesis on the drivers/limitations of
resprouting is water availability, as resprouting cannot
occur under extreme water stress. There are reports of
resprouting exhaustion in Mediterranean shrubs under
water (but not carbohydrate) scarcity (Cruz and Moreno
2001) and even death of resprouters has been documented
under acute water stress (Fensham et al. 2009). Moreover,
drought acts as a weakening agent that increases the
probability of attacks by pests and pathogens, which
would substantially hamper tree resprouting (Oliva et al.
2014). Additionally, tree age could diminish resprouting
vigor, particularly in those with older and larger stems,
due to the increasing costs of respiratory maintenance
with size and to hormonal changes (Juvany et al. 2015,
Munne-Bosch 2015). This lack of consensus on the limits
to resprouting is hindering efforts toward modeling post-
fire vegetation dynamics. Understanding the limits to
resprouting and the ultimate process leading to resprout
exhaustion will thus be necessary for predictions of the
probability of resprouting success under projected future
climate conditions.
Another factor potentially impacting the resilience pro-
vided by resprouters lies in their regeneration constraints.
In fact, most resprouting species have relatively heavy
seeds that are bird dispersed and, consequently, dispersal
distances are relatively short (Gomez 2003). This repre-
sents an important limitation to the recovery of these
populations as colonization to new spaces will be limited.
Additionally, herbivory of emerged seedlings represents
an important bottleneck, as we will discuss later on.
Summary and outlook
There is a large body of knowledge on the adaptations
to survive a fire in seeders and resprouters and the mecha-
nisms are different enough that the two functional groups
should be treated separately. Survival in seeders largely
depends on spatial variations in fire spread and intensity,
leading to variations in the degree of crown defoliation,
with feedbacks between plant traits, stand flammability
and fire behavior playing potentially important yet still
unknown roles. Resprouting is the primary mechanism
enhancing fire survival and, while modeling of fire survival
in seeders has been relatively successful from the degree of
crown defoliation (and other parameters), modeling
resprouting remains a major challenge to understand
post-fire responses. Additionally, understanding to what
extent pre-fire drought affects post-fire survival remains
contentious. Some studies have reported that pre-fire
drought enhances fire severity in conifer forests, but the
mechanism remains elusive since fire intensity appears to
be the major mechanism explaining mortality. Pre-fire
drought might play a secondary role in determining sur-
vival of seeders by pre-weakening individuals, but it is
unclear why it should play a major role in explaining the
bulk of survival. Additional experiments should also clar-
ify to what extent fire and drought are antagonistic adap-
tations. Pre-fire drought acting upon resprouters, however,
might have an overwhelming effect as it could lead to both
xylem failure and depletion of carbohydrate levels, which
in turn would seriously compromise post-level resprout-
ing. Additional knowledge gaps are given in Table 1.
RESILIENCE TO FIRE AT POPULATION LEVEL
Tree mortality occurs when individuals succumb to
fire. A high-intensity fire is more likely to reduce survival
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rates, thus resulting in widespread mortality. In the case
of stand-replacing fires in non-sprouting forests, popula-
tion resilience depends on the ability to recover through
the recruitment of new individuals (Fig. 3, Table 1).
Successful recruitment of individuals is reliant upon the
amount of post-fire viable seeds available and subse-
quent seed germination, and on seedling establishment
and survival. Mycorrhizal networks, when present, will
favor seedling establishment.
Propagule availability
The availability and quantity of viable seeds in a burned
area is a major requirement for successful population
recovery, and the source for recruitment can originate
from on-site or off-site seed banks (Resco de Dios et al.
2007, Martın-Alcon et al. 2015). Propagule availability is
thus affected by different aspects of the fire regime includ-
ing fire intensity and severity (for on-site seed banks) or
burned size patch and shape (for off-site seed banks).
On-site recruitment includes soil or aerial seed banks
that have escaped heat damage due to the insulation
properties of soil or of fruits and cones, respectively
(Noble and Slatyer 1980, Lloret 1998). Serotiny, the
delayed opening of cones or fruits in response to heat, is
a rare feature among EU Mediterranean species, and
within trees, it is present in only two pine species, i.e.,
P. halepensis and some populations of P. pinaster
(Tapias et al. 2004, Gil et al. 2009) although, strictly
speaking, these are semi-serotinous species as cones also
open regularly in the absence of fire. Fire directly
enhances the opening of serotinous cones resulting in a
simultaneous release of large numbers of seeds under
conditions of no competition and high radiation (Keeley
and Fotheringham 2000). Forest management, by regu-
lating tree density, plays an additional role in determin-
ing seed availability as strong competition inhibits seed
production. Consequently, thinning may enhance seed
release (as is often done in regeneration techniques
including shelterwood systems; Matthews 1991).
The degree to which fire could be a selective agent has
been the subject of a long ongoing debate, and serotiny
could be an example of a trait evolved as a result of crown
fires (Keeley et al. 2011). For instance, serotiny is under
genetic control in P. pinaster, and it is only present in
those populations that have historically experienced
recurrent high-intensity fires (Gil et al. 2009). Additional
traits, such as smoke-induced (Tormo et al. 2014) or
heat-induced (Cespedes et al. 2012, Chamorro et al.
2016) germination, are examples of potential reproductive
traits selected under high fire frequencies, but they will
not be dealt with here as they are uncommon in trees.
Nonetheless, the degree to which these traits are truly fire
adaptations remains contentious. Smoke-induced germi-
nation, for instance, is also present in species that are sel-
dom exposed to fire (Flematti et al. 2004).
One of the main constraints on propagule availability is
seed predation. In some extreme cases, >80% of all seeds
in different stands of Pinus halepensis were predated
within the first 6 months after the fire, ultimately leading
to regeneration failure at that site (Pausas et al. 2004).
Seed predators are difficult to model as they comprise a
wide variety of species (including birds, rodents and ants)
and vary strongly with time and space. Consequently,
seed predation acts as another major factor controlling
propagule availability that can limit local recruitment and
have cascading effects post-fire plant distribution.
For Mediterranean seeder tree species lacking seed
banks, seed originating from surviving trees in the mar-
ginal boundaries of the fire or in unburned patches within
the fire perimeter may be the only alternative seed source.
The spread of propagules and recolonization of the
burned area are distance-restricted by the seed dispersal
ability and by the form, sizes, extent and spatial configu-
ration of burned and unburned patches (Ordo~nez et al.
2005, Vila-Cabrera et al. 2011, Martın-Alcon and Coll
2016). Isolated patches of mature trees exhibit enhanced
seed production due to reduced competition (Ordo~nez
et al. 2006). However, dispersal is limited in pines to dis-
tances up to 100 m, indicating that, for species other than
the few that are serotinous, propagule numbers for post-
fire regeneration will generally be limiting in large fires.
Propagule availability is, at least to some degree,
decoupled from the intensity of drought immediately
after the fire. This is because seed banks do not depend
solely on current year propagules. On the contrary, seeds
accumulate for a number of years prior to the fire and,
consequently, water availability on the year of the fire
would not have a major effect on seed availability. Only
if extreme water scarcity limits seed production for a
number of years, a significant impact on propagule avail-
ability could be expected.
Propagule establishment
Successful propagule establishment requires the con-
currence of different conditions and processes, including
adequate moisture and nutrient supply, breakage of dor-
mancy in some instances, microclimatic conditions
favorable to the development of that species, no her-
bivory, and establishing symbiotic relationships with
mycorrhizal fungi (in most Mediterranean woody spe-
cies). Additionally, establishment requires fire return
intervals that are long enough to allow seedlings to
become established and to become mature individuals,
so new seeds may be available when the following fire
occurs. Predicting actual establishment rates therefore
remains a complex challenge, particularly if we are also
trying to predict the spatial arrangement of the upcom-
ing population. Requirements for species may change
markedly from germination to survival and keep devel-
oping through ontogeny (Quero et al. 2008, Resco de
Dios et al. 2014). Moreover, topographic and climatic
variation at landscape scale and, additionally, on
resource distribution and herbivory at fine, microsite
scales add additional complexity to the process.
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Here we distill this complexity by focusing only on
three interconnected hypotheses that have gained support
over the last years to explain post-fire establishment (once
propagules are available). We choose to focus on these
three hypotheses as they indicate a hierarchy of mecha-
nisms, with different processes becoming important at
different periods. We only discuss hypotheses specific to
post-fire establishment, as additional processes generally
affecting establishment (such as herbivory or pests and
pathogens, to name a few) have been addressed elsewhere
(Crawley 1996, Wilkinson and Sherratt 2016).
The first hypothesis is that post-fire plant establish-
ment depends on the existence of “windows of opportu-
nity” (Quintana et al. 2004, Garcıa et al. 2016).
Germination and survival do not occur at the same rate
at any given time of the year but vary seasonally.
Mediterranean summers tend to be dry and are com-
monly followed by significant rainfall in September or
October, which provides a window of opportunity for
new plants to recruit and develop an extensive root sys-
tem before the onset of cold winter temperatures. There
is a multiplicity of factors that could affect the frequency
or duration of such windows of opportunity, including
intra-annual climatic variation, amount of litter (from
scorched leaves that will fall after the fire), topographic
and edaphic factors, and herbivore densities, to name a
few (Trabaud et al. 1985, Pausas et al. 2003, Madrigal
et al. 2005, Garcıa et al. 2016).
Windows of opportunity occur temporally, but also
spatially, into what are known as “safe sites,” which are
microsites that could offer protection for seedlings, such
as under-canopy spaces that provide higher winter tem-
peratures and protect against winter frosts, for example
(Lamont et al. 1993).
A second hypothesis is the “early-to-rise” hypothesis,
which predicts that seedling survival is primarily driven
by the establishment date, such that seedlings emerging
early within a window of opportunity have a higher prob-
ability of success than those emerging at a later stage. The
underlying rationale is that the first seeds to appear have
more time to develop and face the upcoming unfavorable
seasons (cold winters or dry summers) with a bigger root
system that allows for more extensive soil exploration,
and longer and thicker hypocotyl or stems that protect
against damaging temperatures (Woods et al. 2014). This
hypothesis contrasts with the safe site hypothesis, in that
it postulates that the spatial arrangement of seedlings
does not ultimately drive recruitment, but that the date of
emergence within a window of opportunity plays a crucial
role (de Luis et al. 2008).
Related to the windows of opportunity hypothesis is
the “event-dependent” hypothesis, which states that
post-fire plant recruitment is driven by the environmen-
tal conditions immediately post-fire (Bond and van Wil-
gen 1996, Moreno et al. 2011). If, for instance, an
intense drought (too intense to allow for seedling estab-
lishment) follows a wildfire, the combination of events
may create a legacy such that plant cover may remain
very sparse for a longer time. Therefore, the event-
dependent hypothesis states that the conditions at the
time of the fire create a long-term legacy for the poste-
rior dynamics of the community.
The existence of such legacies may be appreciated in
Fig. 6 where, up to eight years after the fire, the compo-
sition of the community was dependent upon establish-
ment success during the first year. Indeed, Fig. 6
suggests that, while safe sites may exist, their influence
at the plot scale would be limited and exert small
impacts on the subsequent eight years after the fire. This
is because seedling density in different years after the fire
was linearly dependent on the number of germinants in
the first year. The question then becomes, what drove
initial plant establishment and initial plant density?
Different initial plant establishments have been
observed at a given site, depending upon when the fire
occurred, indicating a major effect of the environmental
conditions immediately post-fire. For instance, Moreno
et al. (2011) report that stand composition three years
after fire could be explained by the precipitation in the
season immediately after the fire. Therefore, differences in
the environmental conditions of the first year after fire
would create differences in initial establishment (variation
in x-axis of Fig. 6), and this initial composition creates a
legacy and survival in upcoming years is simply a fraction
of that in initial years (resulting from herbivory, diseases,
stress, or other processes). Competition and other den-
sity-dependent processes are additional important drivers
of community dynamics, but their influence often starts
at a later stage, after seedling establishment.
Propagule survival
Interactions between species physiology, herbivory,
fire regime, climate, and site characteristics will deter-
mine the survival of the seedling population. Drought is
often the major determinant of propagule survival, but
its effects are mediated by species physiological traits.
Protracted periods of water scarcity lead to catastrophic
xylem failure and also to fatal depletions in carbohy-
drate reserves (carbon starvation; McDowell et al.
2008). Additionally, the downward flow of photosyn-
thates through the phloem may be impaired, particularly
if high soil temperatures lead to stem girdling (Helger-
son 1990). These three different processes should not be
viewed as mutually exclusive but as interdependent
(McDowell 2011). For instance, stomatal closure pre-
vents runaway cavitation but also inhibits carbon assimi-
lation. As drought advances, cuticular or residual water
losses remain and continually consume the water stored
in the stem capacitors until catastrophic thresholds are
crossed (Resco et al. 2009, Blackman et al. 2016, Skel-
ton et al. 2017). Concomitantly, respiration also contin-
uously decreases carbohydrate levels during drought
and, whereas carbon starvation is rare in adult plants,
lack of reserves has been documented in seedlings (Pratt
et al. 2014). Seedlings cannot recover from a drought
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after crossing a certain threshold of xylem hydraulic fail-
ure and also after depleting carbohydrate reserves to the
point where demand exceeds supply (Pratt et al. 2014).
Difficulties in measuring phloem flow prevent from gen-
eralizations on its overall role.
Survival in adult plants is often related to stomatal
behavior such that anisohydric plants, with loose stomatal
control, are considered more likely to suffer from catas-
trophic cavitation whereas isohydric plants, with stronger
stomatal control, are considered to be more prone to car-
bon starvation (McDowell et al. 2008). However, such a
simplifying scheme is likely to have limited predictive
power of survival in post-fire regeneration: apart from
stomatal behavior, additional traits affect the water and
carbon balances of the plant, including root:shoot ratio
(higher ratios potentially increasing water uptake), cuticu-
lar conductance and stem capacitance (as previously dis-
cussed), and drought deciduousness, where complete
wilting would not be linked to mortality as the plant
would be able to resprout. Post-fire seedlings will often be
more vulnerable to drought than pre-fire adults because
of lower root:shoot ratios, smaller carbohydrate reserves,
and because their xylem may possibly be more vulnerable
to cavitation (lignification in some species does not occur
in their first years).
Herbivory raises an additional challenge for seedling
survival because consumption of plant parts may jeopar-
dize seedling survival (Sagra et al. 2017). Seedlings have
a limited size, storage, and capacity for withstanding
herbivory, particularly under dry conditions that already
pre-weaken the seedlings (Moreno and Oechel 1991).
The effects of herbivory on seedling survival depend
upon some aspects of the fire regime. This is because
high-intensity fires often reduce the number of resprouts
and also delay the time of resprouting. In turn, resprout-
ing later in the season has been linked with increased
herbivory because plants that resprout asynchronously
from the main flush (later in the season), are more read-
ily attacked by herbivores (Moreno and Oechel 1991).
However, and contrary to conventional wisdom, post-
fire environments may sometimes provide conditions that
are more favorable to plant establishment. This is because
fire diminishes plant competition and it could, conse-
quently, increase water availability. Parra and Moreno
(2017) observed higher predawn water potentials (indicat-
ing higher availability of water in the rhizosphere) and
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FIG. 6. Strong legacy effects of initial emergence on community dynamics. Data represents values (mean  SE) for six different
shrub species in a Mediterranean shrubland after a fire. The dotted line is the 1:1 relationship and the solid line is the result of least-
squares fitting. Emergence in the first year after fire explained a significant portion of the variation in the abundance of the different
species during the first, second, third, and eighth, respectively, year after a fire. Original data from de Luis et al. (2008).
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growth rates in burned (seeder and resprouter) shrubs
that had been exposed to a 45% reduction of rainfall, rel-
ative to unburned plants exposed to ambient rainfall.
This observation is intriguing and deserves further explo-
ration, as it would suggest that the bottleneck for post-
fire survival may lie in seedling germination and establish-
ment, rather than in posterior survival. Additionally, this
observation could imply that high severity fire may be a
useful strategy to regenerate shrublands or forests, but
this hypothesis is still tentative and additional observa-
tions would be required. However, the effects of post-fire
drought on plant regeneration are also contingent upon
the fire regime and, in particular, fire recurrence and
intensity.
Different attributes of the fire regime are essential dri-
vers of propagule survival. In particular, short fire inter-
vals hinder plant regeneration because they do not allow
for seed development and also because regular fire appli-
cation leads to decreased resprouting vigor. Conse-
quently, the effect of fire recurrence depends upon the
regeneration mode and species. Oak seedlings are often
able to resprout even at one year old and, although con-
secutive fires at such early ages are likely to also exhaust
resprouting capacity, where such threshold exists has not
yet been established. Semi-serotinous pine species such as
Pinus halepenesis require intervals of 10 years or more
produce viable seeds and, consequently, shorter fire
return intervals will compromise viability. Fire at the seed-
ling or sapling stages in non-serotinous pine species will
likely lead to their local extinction because they will not
regenerate and because their thin barks will not effectively
provide cambium even from low-intensity surface fires.
Mycorrhyzal networks
Most woody species in Mediterranean forests are obli-
gate ectomycorrhizal, meaning that they are not able to
complete their life cycle without establishing a symbiotic
relationship with ectomycorrhizal fungi (Smith and
Read 2008). This makes the remaining mycorrhizal com-
munity a critical component of the legacy of a burned
stand (Buscardo et al. 2011). A well developed, healthy,
and diverse ectomycorrhizal network may assist propag-
ules to germinate and grow, as the network of fungal
hyphae will increase their access to water and nutrients
(Simard et al. 2013).
Whether or not such a functional ectomycorrhizal net-
work is present will be a function of the time elapsed since
woody vegetation was present (Baar et al. 1999). This is
because mycorrhizae depend upon plants as a carbon
source and their protracted absence may lead to eventual
depletion of the ectomycorrhizal community. For
instance, the ectomycorrhizal community could be
depleted if, for instance, colonizing annual herbaceous
species become the prevailing vegetation form after a fire,
because these species normally do not form ectomycor-
rhizae (Torrecillas et al. 2012). If the woody plant popula-
tion takes too long to re-establish at the site, they might
encounter a belowground “desert” devoid of ectomycor-
rhizal fungi hyphae. Propagules from tree species would
then germinate and grow, but at much reduced rates.
Consequently, trees may not be competitive, in compar-
ison with the colonizing annuals (which rely on arbuscu-
lar mycorrhizae), and such competition may complicate
tree establishment (Richard et al. 2009). In other words,
the longer the time for tree establishment, the higher the
difficulty for such establishment because the ectomycor-
rhizal community may suffer (Lankau et al. 2015). Pres-
ence or lack of a functional ectomycorrhizal community
may thus be a stabilizing mechanism for either a prompt
tree establishment, or for the establishment of a commu-
nity of ruderal annual plants, respectively. Moreover, even
low severity prescribed burning could have negative long-
lasting impacts on the ectomycorrhizal community (Tau-
diere et al. 2017). However, currently only a limited num-
ber of studies have assessed fire effects on mycorrhizae,
hindering synthesis at the time of writing, but available
evidence indicates a negative effect of elevated fire recur-
rence (Taudiere et al. 2017, Tomao et al. 2017).
Summary and outlook
After individuals have succumbed to fire, a number of
processes affect the recovery of the population. Propagule
availability will often be affected to a minor extent by cur-
rent year drought, as seed banks accumulate over a num-
ber of years. However, drought in the autumn after the
fire is the major bottleneck for the establishment and sur-
vival of seedlings, and initial plant establishment creates a
“legacy” such that mid-term composition reflects estab-
lishment within the first year after fire. Current climate
projections predict increases in the duration of the sum-
mer drought in the Mediterranean basin, but not
decreases in autumn precipitation. Consequently, climate
change per se would not exert a direct short-term negative
effect on post-fire recruitment (although indirect negative
forcing may still occur). However, because successful
establishment depends on a series of processes at later life
stages, increasing drought intensity under climate change
may lead to weakened seedlings and saplings and poten-
tially compromise regeneration. This is because the grow-
ing season would be shortened, as a result of decreased
precipitation and increased temperatures (potentially
increasing evapotranspiration), and may not allow seed-
lings and saplings to develop the anatomical, reproduc-
tive, or physiological adjustments necessary to survive
drought in posterior years. Land “clearance” by fire could
serve to diminish plant competition and increase soil
water availability and, consequently, fire would enhance
regrowth of new sprouts and the establishment of new
seedlings, although additional data will be required to
confirm this observation. Additional management
actions may be performed in nearby stands, such as thin-
ning to increase seed production and release and increas-
ing off-site seed availability. Overall, interactions between
fire regime, water availability, and propagules will
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determine population recovery. Additional interactions
between plants and other organisms also play crucial
roles. Most Mediterranean species are obligate mycor-
rhizal, but hyphae abundance is negatively affected by
fire, especially under high recurrence. Herbivory and seed
predation exert an additional control over recruitment.
Additional unknowns are given in Table 1.
STATE TRANSITIONS AFTER FIRE AND CHANGES IN
COMMUNITY DOMINANCE
Short-term transitions
Forests in the Mediterranean region of the EU are
dominated by either pines or hardwoods (typically Quer-
cus) in pure or mixed stands. Pines are obligate seeder
species but hardwoods are facultative resprouters. This
individual-level trait makes hardwood forests more resi-
lient to state shifts after fire, while pine-dominated forest
stands are more prone to shift to either oak forests or to
shrublands (Fig. 3, Table 1) particularly under high fire
recurrences (Baeza et al. 2007, Martın-Alcon and Coll
2016, Torres et al. 2016).
The vulnerability of pine stands to state transitions
depends on some specific species traits and site features.
A single-fire event has been observed to lead to a state
shift in forests dominated by the montane P. nigra and
P. sylvestris (Retana et al. 2002, Baeza et al. 2007,
Martın-Alcon and Coll 2016) and others (Torres et al.
2016). P. nigra and P. sylvestris show late flowering and
lack of serotinous cones (Tapias et al. 2004), and their
seeds do not resist high temperatures (Lanner 1998, Hab-
rouk et al. 1999). Thus, although these pine species might
resist low severity surface fires (Fule et al. 2008), they
succumb under high severity defoliating fires (Tapias
et al. 2004, Fernandes et al. 2008, Morales-Molino et al.
2016). Other pine species such as P. halepensis and
P. pinea (Vallejo and Alloza 1998) are so-called “fire-
embracers” (sensu Pausas 2015b) and usually recover
after a single fire event (although there are exceptions
(Baeza et al. 2007). P. halepensis is usually able to recruit
after a fire from the seeds stored in its semiserotinous
cones and P. pinea shows high resistance to fire (Fernan-
des et al. 2008), along with seeds protected by thick cones
and coats that can endure high temperatures (Escudero
et al. 1999). However, state transitions are very likely
when a second fire occurs before newly recruited pines
have reached maturity (7–10 years for P. halepensis (Tha-
nos and Daskalakou 2000).
Fire can enhance the establishment of oak species,
provided oaks are present at sufficient densities in the
understory before the fire, as oak recruitment is gener-
ally very low due to dispersal limitations. Torres et al.
(2016) found that post-fire tree composition and domi-
nance were highly predictable from pre-fire understory
structure. They studied post-fire forest shifts in stands
previously dominated by either non-serotinous popula-
tions of P. pinaster or by the resprouter Q. pyrenaica
and documented the shift from Pinus-dominated to
Quercus-dominated forest stands when pre-fire densities
of Q. pyrenaica in the understory exceeded 200 stems/
ha. Similarly, pine-to-oak transitions occurring in the
first 15 years after a high-severity crown fire have been
documented by Martın-Alcon and Coll (2016). Non-ser-
otinous stands dominated by Pinus nigra were replaced
by Quercus faginea and Quercus cerrioides stands, when
significant oak presence occurred in the understory
before the fires (Retana et al. 2002).
However, when understory oaks are absent, post-fire
change to a non-forested state likely occurs after trees
have succumbed to fire and no seed sources are available
(Baeza et al. 2007, Pausas et al. 2008), or in sites of poor
quality (e.g., rocky, south-facing, steep slope) (Martın-
Alcon and Coll 2016).
The non-forested state may lead to lower soil fertility
and higher erodibility (Karhu et al. 2015, Vieira et al.
2015). Losses in soil fertility after a fire may act as an addi-
tional feedback stabilizing state transitions toward a non-
forest state. Forest fires generally increase the availability
(mineralization) of N and P, although the availability of
other nutrients, such as K may decrease (Hinojosa et al.
2016). However, such change in nutrient availability may
be transient because total concentrations decline and
because burned soils are much more erosion prone, which
fosters further nutrient losses (Pausas et al. 2008, Vieira
et al. 2015). Moreover, even if the quantity of soil organic
matter increases after a fire, its quality diminishes substan-
tially, especially under high fire recurrence. Once a forest-
to-shrubland transition has occurred, the loss in soil
organic matter quality and in fertility create a stabilizing
feedback for the non-forest state (Mayor et al. 2016). This
soil degradation is further enhanced by drought, as enzyme
activity decreases with water scarcity and consequently
decreases mineralization rates (Hinojosa et al. 2016).
Long-term dynamics
After a state transition has occurred, the crux lies in
understanding whether the post-fire ecosystem will per-
sist. Shrublands and forests could both be “stable states”
(i.e., not transient within ecologically relevant time
scales) for a given set of environmental conditions (Batl-
lori et al. 2015, 2017). There are experimental indica-
tions that post-fire succession in shrublands remains
delayed or stopped, a process termed arrested succession
(Baeza et al. 2006, Acacio et al. 2009, Santana et al.
2010, Acacio and Holmgren 2014). However, verifying
this hypothesis is challenging, as the time scale of avail-
able observations is relatively short with comparison to
the longest-lived late-successional species.
The presence of a positive feedback is necessary to
explain the existence of alternative stable states, following
basic dynamical system theory (DeAngelis et al. 1986).
The feedback between ecosystem type and soil fertility,
that we previously described (Mayor et al. 2016), must
thus be accompanied by a feedback between fire and
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vegetation composition, analogously to what has been
vastly argued for tropical savanna/forest systems (Hoff-
mann et al. 2012). At a given site, we could encounter a
“pyrophytic” vegetation state, that promotes recurrent
fires and requires them for its maintenance, or a “pyro-
phobic” vegetation state, which is less flammable but does
not persist in the presence of fires (Bond and Midgley
2012). For the Mediterranean basin, there is some evi-
dence (but not conclusive) for the existence of such fire–
vegetation feedbacks for shrubland and pine forests.
Areas that have burned in the past are more likely to
experience another fire in the future (Loepfe et al. 2010).
Shrublands are pyrophytic, as shrubs are highly flam-
mable, due to their low water content, high heat of com-
bustion, fine fuel, and high amounts of standing dead
biomass (De Luis et al. 2004, Baeza et al. 2006, 2011,
Pausas and Moreira 2012). The most common shrub spe-
cies (such as, e.g., Rosmarinus officinalis, Ulex spp., Cistus
spp.; Erica spp.) will either accumulate large, fire-resis-
tant, long-lasting seedbanks, or show capacity for vegeta-
tive propagation, which allows them to regenerate and
spread very rapidly after a fire (Santana et al. 2012). Con-
versely, pine forests are less flammable, but they are prone
to disappear after consecutive fires, as we described
above. This connection between plant traits and regrowth
is similar to what observed in other Mediterranean
ecosystems (Odion et al. 2010) and could potentially lead
to a feedback between floristic composition and fire
occurrence. However, forests including resprouter hard-
woods are less easily included in this framework, as they
cannot be described as pyrophobic because of their high
fire resistance. Regardless, potential links between species
traits and fire behavior are far from resolved and different
studies indicate that large wildfire activity is independent
of land cover type (Nunes et al. 2005, Barros and Pereira
2014, Fernandes et al. 2016).
Climate change raises an additional challenge to the
long-term stability of state changes. Although some oak
forests are now becoming established in previously pine-
dominated stands, some of these species may be out of
their climatic niche by the turn of the century. For
instance, Torres et al. (2016) documented that Quercus
pyrenaica is currently replacing Pinus pinaster after a
stand-replacing fire, as previously noted. However, these
authors also note a decrease in future habitat suitability
due to climate change, and a virtual local extinction for
Quercus pyrenaica is modelled using species distribution
models (Ruiz-Labourdette et al. 2012). Moreover, these
authors also note a minimal climate space reduction for
the pine species. Consequently, replacement of pine
stands by oak forests may only represent a transient
stage and climate change may exert an additional forcing
affecting long-term state changes.
Forest management
Forest management activities conducted before the fire
may help prevent fire-induced deforestation through two
different, yet interconnected, processes. First, forest man-
agement can serve to create vegetation structures with
higher resistance and resilience to fire. In contrast, forest
management can create landscapes that are less prone to
the spread of high-intensity crown defoliating fires. Addi-
tionally, several management actions can be conducted
after the fire to avoid post-fire degradation. A full review
of these processes is beyond our current scope and at least
some of these topics have been covered elsewhere (Keeley
et al. 2012, Moreira et al. 2012, Scott et al. 2014) but
there are a few points that are relevant here.
High severity forest fires in the Mediterranean occur
mostly on either abandoned reforestations or in old-
fields. Abandoned reforestations have had little or no
intervention after original planting, which was often
done at high densities and, consequently, most of these
stands will show horizontal and vertical continuity of
large fuel loads, which, in turn, can promote high-sever-
ity fires. Reforestations in Mediterranean Europe mostly
(re-)introduced conifer species in lands that had been
previously cleared for different purposes (Vadell et al.
2016). Reforestation was consequently devised as a
restoration technique that would later favor the
encroachment of more shade-demanding oak species
(Vadell et al. 2016). Recent articles propose active inter-
vention to accelerate the encroachment of resprouting
trees by either decreasing pine cover where resprouters
are already present in the understory, or by introducing
resprouters where they are still absent (Granados et al.
2016, Villar-Salvador 2016). This is because, generally
speaking, increasing functional diversity could be a
means to enhance post-fire survival by increasing the
diversity of traits and, in particular, introducing resprou-
ters would favor post-fire recovery as resprouting is the
major trait conferring individual resilience to fires. How-
ever, increasing functional diversity has been sometimes
shown to increase water limitation and to decrease stand
resistance to water stress (Grossiord et al. 2014). Fur-
thermore, as fire severity has been related to pre-fire
drought and resprouting vigor may diminish after severe
water stress, forest interventions that diminish plant
competition and ameliorate the water balance will be
required to enhance survival, while diversification per se
has sometimes been shown to have the negative effect of
diminishing water availability. Additional research will
be needed to clarify whether and how diversifying refor-
estations may serve to avoid fire induced deforestation.
Summary and outlook
It has been argued that Mediterranean forests are
increasingly on the brink of collapse. Global change is
fostering more frequent droughts, which have increasing
impacts as a consequence of land abandonment and
excessive tree density. Mediterranean forests have tradi-
tionally shown high resistance and resilience to forest
fires, but post-fire state transitions may become increas-
ingly frequent as the climatic pressure over these forests
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increases. There are cases where a single fire event may
replace species with aerial seed banks and complex inter-
actions between different ecosystem components arise.
Whether such state changes are transient or stable
remains under debate and determining the feedbacks
that would lead to alternative stable states is still being
elucidated. Forest management, through stand diversifi-
cation, has the potential to increase forest resilience, but
increased diversity of fire responses may not ameliorate
the negative effects of water stress. Climatic change is
emerging as a new player that may reduce the climatic
space of certain forest species. Additional unknowns are
given in Table 1.
OUTSTANDING KNOWLEDGE GAPS
In this review, we have proposed a conceptual model
for the drivers of fire-induced deforestation in the
Mediterranean region (Figs. 2, 3, and 7, Table 1), and
examined current knowledge in each of the stages lead-
ing to a state transition. To conclude, we now highlight
some additional elements that deserve further attention.
Trade-offs in resistance to drought and fire
Fires and drought necessarily co-occur, and the over-
arching view is that natural selection has led to solutions
for both circumstances, such as resprouting (Bradshaw
et al. 2011, Keeley et al. 2011) or heat induced seed ger-
mination (Troia and Laguna 2015), to name a couple.
However, we have shown how trade-offs could occur, for
instance, during leaf senescence, which diminishes water
requirements at the expense of increased flammability,
or through embolism resistance, which was negatively
correlated with crown and cambium resistance to fire
(Figs. 4 and 5). Forest fires annually burn <1% of the
non-agricultural land of the European countries of the
Mediterranean Region (Turco et al. 2016) but water
scarcity acts regularly over the entire region (Shestakova
et al. 2016). A stronger selective pressure thus exists now
toward drought-resistant than toward fire-resistant traits
and it is therefore expectable that, if a physiological
trade-off must occur, such adaptations will prioritize
drought survival to the detriment of fire survival. How-
ever, it is worth noting that especially the seeder pine
trees originated at a time when fire occurrence was much
more prevalent than today (Keeley 2012).
We hypothesize that pre- and post-fire droughts will
exert different pressures upon seeding and resprouting.
Pre-fire drought will be of a lesser importance in obligate
seeders in the Mediterranean Region (relative to post-
fire drought), because fires in the area are typically
stand-replacing crown fires, where foliar and bud scorch
and combustion, along with cambium and phloem
necrosis will be the main mechanisms inducing mortality.
However, pre-fire drought could weaken resprouter trees,
increase their susceptibility to pathogens and pests and,
potentially, exhaust their resprouting capacity. We there-
fore expect post-fire drought to be most important for
deforestation in seeder-dominated areas, where seed
FIG. 7. Summary of processes involved in post-fire state transitions and the spatial and temporal scales over which they occur.
These processes may occur before the fire (continuous line) or after the fire (dashed line) and determine the survival (resistance) of
individuals, the persistence (resilience) of the population if individuals succumb, and whether the community transition is toward a
different forest state or toward a non-forest state after the if the population fails to recover.
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establishment is strongly dependent upon germination
and recruitment immediately post-fire, whereas pre-fire
drought would be most important in post-fire deforesta-
tion in resprouter-dominated areas, due to the resprout
exhaustion syndrome. Moreover, serotinous species form
an aerial seed bank over many years, which further
decouples seed production from pre-fire stress.
Novel fire environments
As a consequence of global change, we are seeing
changes in the fire regime such that areas traditionally
experiencing surface fires are now experiencing stand-
replacing crown fires. This is the case of mid-mountain
areas up to 1,200 m, where surface fires frequently
occurred during the Holocene. The seeder species pre-
sent in these forests are often fire-tolerant conifer species
with thick barks (e.g., Pinus nigra, Cedrus atlantica; Tou-
chan et al. 2012, Slimani et al. 2014). However we are
now seeing stand-replacing crown fires as a new phe-
nomenon starting two to three decades ago (Pausas
et al. 2008, Torres et al. 2016). This has the potential to
create major shifts in community composition, with
transitions to non-conifer species in large wildland fires.
Another recent consequence of global change and fire-
drought interactions is the emergence of novel flammable
ecosystems. Fire in high altitude mountains (>1,300 m)
has in the recent past been negligible, although paleologi-
cal records indicate the possibility of recurrent fires even
in Pinus uncinata forests at 1,800 m above sea level in the
Pyrenees during warm climate intervals (Gil-Romera
et al. 2014). However, models of fire occurrence based on
changes in fire weather are warning of the potential
occurrence of wildfires in the high mountain conifer for-
ests of the European Alps (de Angelis et al. 2015). Obser-
vational records from the Pyrenees show that the first
fires in Pinus uncinata forests over the last millennia have
occurred in the last five years (Cardil et al. 2016). The
onset of novel flammable ecosystems is particularly worri-
some because they occur in ecosystems dominated by spe-
cies that are poorly adapted to fire. Indeed, comparisons
of fire resistance across European pines have revealed
P. uncinata as the least fire-resistant pine species (Fernan-
des et al. 2008). Losses of P. uncinata forests at the tim-
berline is another example of how fire could lead to
deforestation, as no other tree species currently grows at
the timberline in the Pyrenees, and similar processes
could occur with P. mugo in the European Alps.
Alternative stable states and fire–vegetation feedbacks
Understanding whether the transitions from a forested
to a non-forested state will be stable or transient remains
a major challenge, as previously noted. As we write (29
March 2017), the words “alternative stable state*
Mediterranean fire” led to only four entries in the data-
base Scopus (and six in Web of Science), and to 20
entries for the words “fire vegetation feedback*
Mediterranean,” indicating an overall lack of studies on
this issue. Given the long-term nature of ecological
dynamics, current knowledge on long-term processes
and on alternative stable states originates mostly from
either chronosequences or from modeling studies.
Chronosequences follow a space-by-time substitution
approach, which has been shown to be problematic due
to differences in initial conditions and other site idiosyn-
crasies (Walker et al. 2010). Modeling approaches pro-
vide a useful alternative but are limited by the lack of
suitable long-term data required for calibration. At any
rate, predictions under climate change will require the
incorporation of feedbacks among multiple components
and beyond fire, including drought and soils. Considera-
tion of multiple stabilizing and destabilizing feedback
loops will be necessary to achieve realistic predictions,
because climate change is leading to tree weakening and
decline, which, as previously noted, may give rise to fuel
limitations, or to novel processes such as the resprouting
exhaustion syndrome. Pathogen and pest outbreaks,
along with migratory flows (providing propagule
adapted to the novel climatic conditions) will influence
additionally the processes leading to state transitions.
Avoiding post-fire deforestation through management
We have only briefly discussed fire management
options in this review although they can play a pivotal
role in determining post-fire tree establishment. The lit-
erature on forest management of fire environments is
rich, and a multitude of views exist (see full reviews in
Baird 2006, Donato et al. 2006, Newton et al. 2006).
Considering the information provided in this review, a
few general guidelines may be drawn. Pre-fire manage-
ment should aim at decreasing stand flammability and
water scarcity as well as favoring seed production, which
can be concomitantly achieved through reductions in
tree density and basal area. Where the environmental
characteristics and use of the land allow, additional resi-
lience may be built by favoring/planting resprouter spe-
cies (Granados et al. 2016). Nonetheless, care should be
taken to more deeply understand the resprout exhaus-
tion syndrome, as that could seriously limit the applica-
bility of efforts toward increasing resilience by planting
resprouting species. Additionally, any diversification
should be done after assessing potential effects on stand
flammability. Deeper examinations on the role of floris-
tics vs. fuel load and structure will be needed to fully
understand the implications of such species change on
stand resilience (Zylstra et al. 2016).
After fire, there is a wide range of forestry operations
that could be applied. At one end of the spectrum, salvage
logging curtails beetles attracted to dead wood and
removed wood could be used for bioenergy generation,
but it could also compromise posterior regeneration
through nutrient removal, soil compaction, and loss of
fauna integral to ecosystem function. At the other end of
the spectrum, leaving the stand untouched would protect
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soils from compaction but would complicate post-fire
management by diminishing the capacity of navigating
through the dead or fallen trees. An intermediate option is
to fell the logs but leave them on ground, with or without
partial biomass removal. Giving general recommendations
is difficult as it ultimately depends upon fire intensity and
severity, species, and site conditions (Castro et al. 2011).
Regardless of the management technique chosen, soil
preservation and erosion reduction, along with the preser-
vation of the regeneration, should be at the forefront of
efforts toward diminishing post-fire deforestation.
Considering the projected increases in mean annual
temperature in the Mediterranean (>3°C in the area if
the target of a global 2°C warming is achieved; Senevi-
ratne et al. 2016), along with projected decreases in pre-
cipitation (Roderick et al. 2014) and subsequent increase
in severe fire weather (Bedia et al. 2015), adequate man-
agement will be of utmost importance to ensure the per-
sistence and sustainability of the ecosystem services
currently provided by forests. We hope this review will
contribute to achieving this goal.
CONCLUSIONS
Fire and drought play a major role in shaping spatial
variation in the physiognomy of Mediterranean ecosys-
tems across landscapes. Important knowledge gaps
complicate predicting post-fire vegetation shifts. Under-
standing how plant traits affect both fire spread and post-
fire recovery represents an important challenge. While
flammability at the leaf level is relatively well character-
ized, it is currently debated to what extent leaf traits scale
to affect stand-level flammability and fire spread. In turn,
fire spread and severity are major drivers of mortality in
seeders, but predicting post-fire resprouting remains a
major challenge. Future work should address to what
extent adaptations to fire and drought are antagonistic in
seeders and, in resprouters, to what extent pre-fire
drought will impact resprout vigor.
It has been suggested that stand-replacing fires could
enhance the sustainability of Mediterranean woodlands
because post-fire seedlings will grow in competition-free
environments. Consequently, high severity fire could serve
to rejuvenate declining stands, although this may only
apply under a limited set of environmental conditions
(such as limited erosion rates and low fire recurrence,
among others). Nonetheless, the demographic bottleneck
for post-fire recovery would appear to be in the stages
prior to seedling growth, namely, propagule availability
and early establishment. Propagule availability is a func-
tion of the existence of aerial or edaphic seed banks (for
on-site seed banks) and additionally of burned patch size
(for off-site seed banks). Precipitation in the fall after the
fire will be a major factor influencing the survival of early
establishment. These initial rains play a disproportion-
ately large effect on early establishment, and their effects
last at least for a few years, until canopy closure and den-
sity-dependent processes start to develop.
Physiognomic and state shifts may occur when individ-
uals succumb to fire and the regeneration of the popula-
tion fails. Post-fire shifts in vegetation cover will depend
upon the existing traits of the pre-fire community,
drought (and other environmental factors), and the fire
regime. We have provided a conceptual framework to aid
in the determination of such state shifts. However, impor-
tant knowledge gaps remain for understanding long-term
vegetation dynamics and the stability of state transitions.
For shifts in vegetation state to be stable, a feedback
mechanism must be present in the system, but investiga-
tion of potential feedbacks is still ongoing. Additionally,
climate change may reduce the climate space of different
resprouter and seeder trees at different geographical loca-
tions and increasing drought intensity may also enhance
insect and pathogen outbreaks, further hindering predic-
tions on the stability of long-term changes. Increasing cli-
mate pressure and fire danger could lead Mediterranean
forests to the brink of collapse and large-scale deforesta-
tion may be a reality for the turn of the 21st century.
Transitions of forests to non-forest states may be desirable
or undesirable, depending on each case. We advocate for
a comprehensive approach to tackle this issue.
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